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Cytosolic distributions of nonessential metals Cd and Tl and seven essential elements 18 
among compounds of different molecular masses were studied in the liver of brown 19 
trout (Salmo trutta) from the karstic Krka River in Croatia. Analyses were done by size 20 
exclusion high performance liquid chromatography and high resolution inductively 21 
coupled plasma mass spectrometry. Common feature of Cd and Tl, as highly toxic 22 
elements, was their distribution within only two narrow peaks. The increase of 23 
cytosolic Cd concentrations was reflected in marked increase of Cd elution within low 24 
molecular mass peak (maximum at 15 kDa), presumably containing metallothioneins 25 
(MTs), which indicated successful Cd detoxification in brown trout liver under studied 26 
exposure conditions. Contrary, the increase of cytosolic Tl concentrations was reflected 27 
in marked increase of Tl elution within high molecular mass peak (maximum at 140 28 
kDa), which probably indicated incomplete Tl detoxification. Common feature of the 29 
majority of studied essential elements was their distribution within more peaks, often 30 
broad and not well resolved, which is consistent with their numerous physiological 31 
functions. Among observed associations of essential metals/nonmetal to proteins, the 32 
following could be singled out: Cu and Zn association to MTs, Fe association to storage 33 
protein ferritin, and Se association to compounds of very low molecular masses (<5 34 
kDa). The obtained results present the first step towards identification of metal-binding 35 
compounds in hepatic cytosol of brown trout, and thus a significant contribution to 36 
better understanding of metal fate in the liver of that important bioindicator species. 37 
Key words: fish, hepatic biomolecules, ICP-MS, Krka River, metallothioneins, SEC-38 
HPLC39 
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1. Introduction 40 
The metal pollution can affect every stage of the aquatic food chain, leading to the 41 
disturbance of the whole ecosystem (Van Campenhout et al., 2010). In highly 42 
contaminated aquatic environment, fish can accumulate metals both from surrounding 43 
water and from food (Dragun et al., 2012, 2016; Filipović Marijić and Raspor, 2012; 44 
Rajeshkumar et al., 2018). It can result with high level of metal bioaccumulation in 45 
their organs and possible development of toxic effects (Dragun et al., 2013; Qu et al., 46 
2014). However, although the concentrations of trace metals in organs of aquatic 47 
animals are often used to assess their exposure to metals in aquatic systems (Luoma and 48 
Rainbow, 2008), such information is not sufficient to estimate if bioaccumulated 49 
quantity of metal would cause damage to exposed fish. Metal toxicity arises 50 
predominantly from the binding of metals to essential biomolecules such as enzymes 51 
and transporters and the involvement of certain metals in the formation of radicals 52 
(Mason and Jenkins, 1995), but part of metal bioaccumulated within the organism can 53 
also be detoxified. Therefore, next to basic studies on the concentrations of metals 54 
bioaccumulated in fish organs, it is essential to further investigate the fate of those 55 
metals in the cells, and to determine whether they are more likely to cause harm to the 56 
fish or to be detoxified and excreted from fish organism. In the scientific field which 57 
deals with the comprehensive analysis of the entirety of metal and metalloid species 58 
within a cell or tissue (Szpunar, 2005), it is a common first step to use the combination 59 
of different techniques of high performance liquid chromatography (HPLC) and 60 
inductively coupled plasma mass spectrometry (ICP-MS) as a powerful tool for 61 
recognizing the cytosolic ligands that bind specific elements (Goenaga Infante et al., 62 
2006; Santiago-Rivas et al., 2007). 63 
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So far, there were only few studies of such kind performed on fish. Several 64 
investigations were, for example, directed to study of metal detoxification by 65 
metallothioneins (MTs) in different fish organs by application of size exclusion HPLC 66 
(SEC-HPLC) and ICP-MS in field populations of the European eel (Anguilla anguilla) 67 
(Van Campenhout et al., 2008) and gibel carp (Carassius auratus gibelio) (Van 68 
Campenhout et al., 2010). Caron et al. (2018) applied similar methodology to perform 69 
somewhat more extensive study on liver of juvenile yellow perch (Perca flavescens) 70 
regarding binding of several trace elements (Ag, Cd, Co, Cu, Ni, and Tl) to various 71 
cytosolic biomolecules. Our previous studies in this field included comprehensive 72 
investigation of cytosolic distributions of Cd, Co, Cu, Fe, Mn, Mo, Pb, Se, and Zn in 73 
the liver and gills of European chub (Squalius cephalus) from the moderately 74 
contaminated Sutla River in Croatia (Krasnići et al., 2013, 2014) and of Vardar chub 75 
(Squalius vardarensis) from highly contaminated Macedonian rivers (Krasnići et al., 76 
2018). 77 
In this study, our main aim was to identify the molecular masses of cytosolic 78 
biomolecules that bind specific trace elements in the liver of brown trout (Salmo trutta 79 
Linnaeus, 1758), as a representative fish species and important bioindicator of karstic 80 
rivers. We have previously characterized the water quality of the Krka River, at the 81 
locations where brown trout were sampled (Filipović Marijić et al., 2018), as well as 82 
total metal bioaccumulation in the liver of the same brown trout specimens that were 83 
used in this study (Dragun et al., 2018). The specific goals of the investigation 84 
presented in this paper included application of SEC-HPLC in combination with offline 85 
metal measurement on high resolution ICP-MS (HR ICP-MS) to separate hepatic 86 
cytosols of brown trout into fractions that contain various metal-binding biomolecules, 87 
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and to define the distribution profiles among cytosolic biomolecules of different 88 
molecular masses for nine selected elements, two highly toxic metals (Cd and Tl) and 89 
seven essential elements (Co, Cu, Fe, Mn, Mo, Se, and Zn). As it is very likely that 90 
various fish species have different metal handling strategies, the additional aim of this 91 
study was to compare metal distribution profiles characteristic for brown trout liver 92 
with previously published profiles for liver of European chub (Krasnići et al., 2013) and 93 
Vardar chub (Krasnići et al., 2018), and to recognize and describe the differences 94 
between them, which could indicate different susceptibility to metal exposure in these 95 
distinct fish species. 96 
 97 
2. Materials and methods 98 
2.1. Study period and area 99 
This study was a part of the comprehensive pollution study on the Croatian karstic river 100 
Krka, performed within two sampling campaigns in October 2015 and May 2016. The 101 
first results of that study, regarding water quality (Filipović Marijić et al., 2018) and 102 
metal bioaccumulation in the fish liver (Dragun et al., 2018) have been already 103 
published. The map of the sampling area, comprising of two sampling sites, was also 104 
previously published by Dragun et al. (2018). As a reference site we have chosen the 105 
Krka River source, whereas a location downstream of Knin town was chosen as a 106 
potentially contaminated site, due to known pollution sources in Knin area (e.g., 107 
industrial wastewater of screw factory and untreated municipal wastewater discharge; 108 
Filipović Marijić et al., 2018). The analyses of dissolved metals in the river water 109 
conducted in the course of this study, simultaneously with fish sampling, confirmed a 110 
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slight concentration increase of several trace elements (e.g. Al, As, Co, Fe, Mn, Mo, 111 
Rb, Sr, V, and Zn) downstream of Knin town (Dragun et al., 2018; Filipović Marijić et 112 
al., 2018). The other physico-chemical parameters of the river-water, such as pH and 113 
total dissolved solids (TDS), were comparable at both sites in both seasons (Krka River 114 
source: pH 7.6-7.7, TDS 180 mg L-1; Krka Knin: pH 7.8-8.1, TDS 201-208 mg L-1), 115 
and were not further considered as the significant factors in this study. The values of 116 
pH and TDS were determined in situ using a multiparameter water quality monitoring 117 
instruments SevenGo pro (Mettler Toledo). 118 
2.2. Fish sampling and organ dissection 119 
The selected bioindicator for this study was fish species brown trout (Salmo trutta 120 
Linnaeus, 1758). Fish samplings were carried out by electrofishing, in accordance with 121 
the Croatian standard HRN EN 14011 (2005), as described by Dragun et al. (2018). The 122 
captured fish were kept alive in aerated water tank during transportation, and in the 123 
laboratory they were anesthetized with tricaine methane sulphonate (MS 222, Sigma 124 
Aldrich) before they were sacrificed. Thereafter, we have recorded fish total masses 125 
and lengths, then isolated and weighed the liver and the gonads, and stored the liver at -126 
80C before further analyses. We have calculated gonadosomatic indices (GSI) based 127 
on the ratios of gonad masses to total trout masses, and Fulton condition indices (FCI) 128 
according to Rätz and Lloret (2003), as the ratios of total masses to total lengths cubed, 129 
and multiplied with 100. Sex was determined by examination of fish gonads, both 130 
macroscopic and microscopic, under magnification of 40 and 100, using optical 131 
microscope BH-2 (Olympus). Out of 65 fish sampled for the assessment of metal 132 
bioaccumulation, 15 to 18 at each site in each sampling campaign (Dragun et al., 2018), 133 
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we have selected twelve specimens for the analyses of cytosolic metal distributions 134 
performed within the current study, three per each site in each season. Biometric 135 
characteristics of these twelve fish are presented in Table 1. 136 
2.3. Hepatic tissue homogenization and isolation of soluble hepatic fractions 137 
The samples of hepatic tissue were cut into small pieces within glass crystallizing 138 
dishes set on ice. Then cooled homogenization buffer 100 mM Tris-HCl/Base (Sigma, 139 
pH 8.1 at 4C) supplemented with reducing agent (1 mM dithiotreitol, Sigma) was 140 
added into each dish to dilute hepatic tissue (w/v 1:5). Thereafter followed 141 
homogenization by application of 10 strokes of Potter-Elvehjem homogenizer (Glas-142 
Col, USA) at 6,000 rpm in an ice cooled tube. The homogenates were then centrifuged 143 
at 50,000g for 2 h at 4°C in the Avanti J-E centrifuge (Beckman Coulter, USA). 144 
Supernatants (S50) obtained after centrifugation represented water soluble cytosolic 145 
tissue fractions containing lysosomes and microsomes (Bonneris et al., 2005). S50 146 
fractions were separated from centrifuge tubes, transferred to clean tubes and stored in 147 
the freezer at -80C. 148 
2.4. SEC-HPLC fractionation of brown trout hepatic cytosols 149 
Distributions of selected trace elements among cytosolic biomolecules of various 150 
molecular masses in brown trout liver were studied using SEC-HPLC (Perkin Elmer 151 
HPLC system, series 200, USA) with prepacked Tricorn™ Superdex 200 10/300 GL 152 
size exclusion column (GE Healthcare Biosciences, USA) with a separation range of 153 
10-600 kDa, for globular proteins (Krasnići et al., 2013, 2014, 2018). Prior to 154 
application on the column, samples of hepatic cytosols were centrifuged at 10,000g 155 
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for 10 min at 4°C (Heraeus Biofuge Fresco, Kendro, USA) to remove the possible clots 156 
that could clog the system. For each sample, two consecutive chromatographic runs 157 
were performed, each with application of 100 µL of the sample on the column, i.e. 200 158 
µL of each cytosolic sample was run through the column. Mobile phase for the 159 
separation was 20 mM Tris-HCl/Base (Sigma, pH 8.1 at 22°C), with a flow rate of 0.5 160 
mL min-1 using isocratic mode. Chromatographic fractions were collected at one 161 
minute intervals from 13th to 52nd minute in the plastic tubes using a fraction collector 162 
(FC 203B, Gilson, USA). For column calibration, several protein standards 163 
(thyroglobulin, apoferritin, β-amylase, alcohol dehydrogenase, bovine albumin, and 164 
carbonic anhydrase, Sigma, USA) were run through the column under the same 165 
conditions as the samples and the equation of the calibration straight line is given in 166 
Table 2. In addition, elution times were also determined for MT standards, MT-1 and 167 
MT-2 (Enzo Life Sciences, USA), whereas the void volume of the column was 168 
determined by use of blue dextran (Table 2). 169 
2.5. Determination of trace element concentrations in the SEC-HPLC fractions of 170 
hepatic cytosol 171 
In this study we have measured the concentrations of two highly toxic metals (Cd and 172 
Tl) and seven essential elements (Co, Cu, Fe, Mn, Mo, Se, and Zn) in each one-minute 173 
fraction obtained by SEC-HPLC separation. These fractions were acidified with HNO3 174 
(Suprapur, Merck, Germany, final acid concentration in the samples 0.16%), and prior 175 
to measurement In (Fluka, Germany) was added as an internal standard (1 μg L-1). The 176 
measurements were performed on HR ICP-MS (Element 2, Thermo Finnigan, 177 
Germany), equipped with an autosampler SC-2 DX FAST (Elemental Scientific, USA) 178 
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and sample introduction kit consisting of a SeaSpray nebulizer and cyclonic spray 179 
chamber Twister. Typical instrumental conditions and measurement parameters were 180 
reported previously (Fiket et al., 2007). Measurements of 82Se, 98Mo, 111Cd, and 205Tl 181 
were performed in low-resolution mode, whereas 55Mn, 56Fe, 59Co, 63Cu, and 66Zn were 182 
measured in medium resolution mode. Standards for external calibration were prepared 183 
in 1.3% HNO3 (Suprapur; Merck, Germany) using multielement standard solution for 184 
trace elements (Analitika, Czech Republic), and supplemented with In (1 µg L-1; Fluka, 185 
Germany). Limits of detection (LOD) were determined based on three standard 186 
deviations of ten consecutively determined trace element concentrations in the blank 187 
sample (Tris-HCl/Base, dithiothreitol, HNO3). LODs for trace elements measured 188 
within this study were as follows (in µg L-1): Cd, 0.005; Co, 0.002, Cu, 0.037; Fe, 189 
0.084; Mn, 0.002; Mo, 0.004; Se, 0.138; Tl, 0.001; and Zn, 2.40 (Krasnići et al., 2013, 190 
2014). The accuracy of trace element measurements by HR ICP-MS was checked by 191 
analysis of quality control sample (QC for trace metals, catalog no. 8072, lot no. 192 
146142-146143, Burlington, Canada). A generally good agreement was observed 193 
between our data and the certified values, as seen from the following recovery values: 194 
Cd, 99.7±3.3; Co, 99.8±2.5, Cu, 98.7±3.2; Fe, 103.9±9.5; Mn, 99.3±2.0; Se, 103.0±5.4; 195 
Tl, 101.6±4.8; and Zn, 97.7±5.9. 196 
2.6. Data processing and statistical analyses 197 
All basic calculations were done in Microsoft Excel 2007. Based on the column 198 
calibration (Table 2), elution times of specific peaks were associated to corresponding 199 
molecular masses, with the aim to define the molecular masses of biomolecules that 200 
bind each studied element (Table 3). In this study and for the purpose of easier 201 
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discussion, we have categorized the biomolecules in four classes according to their 202 
molecular masses (Table 3), as already described in our previous publications (Krasnići 203 
et al., 2013, 2014, 2018): 1) HMM or biomolecules of high molecular mass (>100 204 
kDa); 2) MMM or biomolecules of medium molecular mass (30-100 kDa); 3) LMM or 205 
biomolecules of low molecular mass (10-30 kDa); and 4) VLMM or biomolecules of 206 
very low molecular mass (<10 kDa). 207 
Graphs were created using the statistical program SigmaPlot 11.0 for Windows. In Figs. 208 
1-5, we have graphically presented distribution profiles with obtained peaks for each 209 
one of nine analyzed elements, separately for each site in each season. Total cytosolic 210 
concentrations of studied elements in the liver of twelve analyzed fish specimens that 211 
are presented within the figures were taken from concurrent study on hepatic metal 212 
bioaccumulation in brown trout (Dragun et al., 2018). 213 
 214 
3. Results and discussion 215 
The study presented in this paper was a constitutive part of a comprehensive study on 216 
metal exposure and hepatic bioaccumulation in brown trout (S. trutta), which was 217 
conducted on the Krka River in autumn 2015/spring 2016 (Dragun et al., 2018). It 218 
revealed increased cytosolic concentrations of several metals in brown trout liver at the 219 
location downstream of Knin town, which is influenced by untreated municipal and 220 
industrial wastewaters (Dragun et al., 2018). However, it also revealed increased 221 
cytosolic hepatic concentrations of few metals in brown trout at the source of the Krka 222 
River, which is considered as a pristine area (Dragun et al., 2018). Among nine 223 
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elements analyzed in the current study, highly toxic metals Cd and Tl, as well as 224 
essential metal Mo, were present in somewhat higher concentrations in brown trout 225 
liver at presumably clean site, the Krka River source (Dragun et al., 2018). It was 226 
possibly the consequence of increased exposure from sediments as a result of some 227 
natural cause, such as rock weathering, since concentrations of dissolved Cd and Tl in 228 
the river water were comparable and rather low at both sites and amounted to 0.005-229 
0.010 µg L-1 for Cd and 0.004-0.005 µg L-1 for Tl (Dragun et al., 2018). Contrary, 230 
essential elements Co and Se were increased in brown trout liver at the expectedly 231 
contaminated site downstream of Knin town; hepatic concentrations of Cu, Fe, Mn and 232 
Zn in brown trout were mainly comparable at both sampling sites (Dragun et al., 2018). 233 
Accordingly, 12 samples analyzed in the current study (three per each site and each 234 
season) were chosen in such a way, so that they reflect the observations of 235 
bioaccumulation study as closely as possible, especially concerning the most toxic 236 
metals, Cd and Tl. In the other words, for the purpose of metal distribution analyses, we 237 
have selected those specimens, from the whole set of sampled fish, that had 238 
comparatively higher Cd and Tl concentrations at the Krka River source (Cd: 118-296 239 
ng g-1; Tl: 87.5-456 ng g-1) than at the Krka River downstream of Knin town (Cd: 3.45-240 
20.1 ng g-1; Tl: 4.1-199 ng g-1). 241 
Twelve fish selected for distribution analyses varied in size from 18.3 to 27.5 cm, and 242 
they differed in GSI and sex (Table 1). GSIs were generally higher in autumn than in 243 
spring, indicating active reproductive period (Dragun et al., 2018), but comparison of 244 
metal distribution profiles obtained in two seasons, as well as comparisons between 245 
males and females, have not indicated any variations in metal cytosolic distributions 246 
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that could be attributed to fish physiology. It could be assumed that all the observed 247 
differences, mainly in peak heights, were the results of differences in exposure levels 248 
and in the levels of consequent hepatic accumulation. Thus, the obtained results will be 249 
further on discussed precisely from that point of view for each one of the studied 250 
elements. 251 
3.1. Highly toxic elements 252 
Common feature of Cd and Tl, as nonessential and highly toxic elements, was that they 253 
were distributed within small number of narrow and well resolved peaks (Fig. 1a and 254 
b). This was an indication of their association to limited number of compounds in the 255 
cytosols, which is in accordance with the fact that they do not possess a known 256 
biological function in the fish organism. 257 
3.1.1. Cadmium 258 
Cadmium is a nonessential element and its toxicity could be partly associated to 259 
competitive inhibition of calcium pumps (Verbost et al., 1989). Cadmium was eluted in 260 
two narrow peaks (Fig. 1a, Table 3). The first Cd peak was located in HMM 261 
biomolecule region, at elution time from the 14th to 17th minute which corresponded to 262 
biomolecules of molecular masses in the range from 500 to 1000 kDa. The second Cd 263 
peak was located in the LMM biomolecule region, at elution times from the 29th to 34th 264 
minute which corresponded to biomolecules of molecular masses in the range from 7 to 265 
24 kDa.  266 
At low Cd concentrations in the cytosol of brown trout liver (20 ng g-1), the presence 267 
of Cd in both peaks was either comparable or even more pronounced in the HMM peak, 268 
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as seen in the fish from the sampling site Krka-Knin (Fig. 1a, lower row). Cadmium 269 
elution in HMM region observed in this study on brown trout liver was not observed in 270 
the previous studies on the liver of European and Vardar chub (Krasnići et al., 2013, 271 
2018), indicating possible higher susceptibility of brown trout to Cd toxicity.  However, 272 
with the increasing cytosolic Cd concentrations (>100 ng g-1), a marked increase of Cd 273 
quantity in LMM peak was observed, with a maximum of molecular mass equal to 15 274 
kDa, as seen in the fish from the Krka River source (Fig. 1a, upper row). The maximum 275 
elution time of that peak, which was equal to 31 minute (Table 3), was the same as the 276 
elution time of MT standard (Table 2). This result obtained for brown trout liver was 277 
comparable to previously published information on Cd binding to MT in the liver of 278 
European and Vardar chub (Krasnići et al., 2013, 2018), of juvenile yellow perch 279 
(Caron et al., 2018), of European eel (Van Campenhout et al., 2008), and of gibel carp 280 
(Van Campenhout et al., 2010), which was interpreted as evidence of successful Cd 281 
detoxification (Caron et al., 2018). It was also consistent with the known fact that Cd 282 
detoxification primarily takes place through binding to glutathione (GSH) and MT 283 
(McGeer et al., 2012), and indicated that Cd was mainly detoxified in brown trout liver 284 
under studied exposure conditions. Recently it has been suggested that, next to GSH 285 
and MT, heat shock proteins (HSP70 and HSP90) play an important role in 286 
physiological changes associated to cell protection in fish exposed to Cd (Kwong et al., 287 
2011) and an indication of such association of Cd was reported for European chub liver 288 
(Krasnići et al., 2013). However, in this study Cd association to biomolecules of 289 
molecular masses that would correspond to heat shock proteins was not observed. 290 
3.1.2. Thallium 291 
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Thallium is a nonessential metal, which is toxic already in very low concentrations due 292 
to its interference with K-dependent biological processes (Jaiswal et al., 2012). It is 293 
well known that Tl+ can replace K+, which is physiologically required for activation of 294 
several enzymes, for example aldehyde dehydrogenase and ATPase enzyme in Na+-K+ 295 
exchange pump (Jaiswal et al., 2012). Same as Cd, Tl was also eluted in two narrow 296 
peaks (Fig. 1b, Table 3). The first and more pronounced Tl peak was located in HMM 297 
biomolecule region, at elution time from the 19th to 24th minute. That elution time 298 
corresponded to biomolecules of molecular masses in the range from 85 to 300 kDa 299 
and encompassed, for example, molecular masses of aldehyde dehydrogenase (187 300 
kDa, von Tigerstrom and Razzell, 1968) and (Na++K+)-ATP-ase (tetramer with 301 
molecular mass in the range of 274-280 kDa; Peterson and Hokin, 1981), enzymes that 302 
are known to be activated by Tl. Comparable Tl peak in the range of molecular masses 303 
from 50-450 kDa was reported for the liver of juvenile yellow perch (Caron et al., 304 
2018). The second Tl peak, which was not always clearly visible, was located in the 305 
VLMM biomolecule region, at elution time from the 32nd to 36th minute (Fig. 1b), 306 
which corresponded to biomolecules of molecular masses in the range from 4 to 11 307 
kDa. Caron et al. (2018) obtained the second Tl peak in the yellow perch liver in the 308 
region of even lower molecular masses, below 1.3 kDa. 309 
With the increasing cytosolic Tl concentrations in brown trout liver, a marked increase 310 
of Tl quantity was observed in HMM peak, with a maximum of molecular mass equal 311 
to 140 kDa, which was more observable in the fish from the Krka River source, and 312 
which, according to Caron et al. (2018), is an indication of incomplete Tl 313 
detoxification. 314 
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3.2. Essential elements 315 
Common feature of the majority of studied essential elements was that they were 316 
distributed within larger number of peaks, often broad and not well resolved. Contrary 317 
to nonessential elements, this was an indication of their association to numerous 318 
compounds in the hepatic cytosol, which is consistent with their important roles in the 319 
fish metabolism, and their catalytic or structural functions within the cell. This was 320 
especially obvious for Cu, Fe, Mn, and Zn (Figs. 2b, 3a, 3b and 5). 321 
3.2.1. Cobalt 322 
Cobalt was eluted in three peaks (Fig. 2a, Table 3). The first and most pronounced Co 323 
peak was located in HMM biomolecule region, at elution time from 18th to 24th minute 324 
which covered biomolecules in the range from 85-400 kDa. The predominant Co peak 325 
in HMM region was previously also found in the liver of European and Vardar chub 326 
(Krasnići et al., 2013, 2018) and in the liver of juvenile yellow perch (Caron et al., 327 
2018). The second Co peak was much lower and located in the MMM biomolecule 328 
region. It appeared at elution time from the 24th to 29th minute, and corresponded to 329 
biomolecules of molecular masses in the range from 20 to 85 kDa. The third Co peak 330 
was not always clearly visible and it was located in the VLMM biomolecule region, at 331 
elution time from the 33rd to 38th minute, and corresponded to biomolecules of 332 
molecular masses in the range from 2.5 to 9 kDa, which was similar to Co peak in the 333 
range of molecular masses from 1.3-6.8 kDa reported for liver of juvenile yellow perch 334 
(Caron et al., 2018). 335 
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With the increasing cytosolic Co concentrations, a marked increase of Co quantity was 336 
observed in the HMM peak, with a maximum of molecular mass equal to 180 kDa, as 337 
best seen in the fish from the Krka Knin location in the spring sampling (Fig. 2a). 338 
Important role of Co, as an essential element, in fish organism is associated with its 339 
contribution to cobalamine (vitamin B12) structure (Blust, 2012), which molecular 340 
mass equals to 1.3 kDa (Kirschbaum, 1981). In contrast to previous findings for 341 
European and Vardar chub liver, where Co elution was observed in the region of 342 
biomolecules of VLMM, below 2.5 kDa (Krasnići et al., 2013, 2018), in brown trout 343 
Co elution in that molecular mass region, which would confirm Co association to 344 
cobalamin in hepatic cytosol, was not seen. 345 
3.2.2. Copper 346 
Copper is essential metal and it has a function as cofactor in many enzymes (Mogobe et 347 
al., 2015). Copper had similar distribution profile to Cd (Fig. 1a), but it was eluted in 348 
one additional peak between two peaks observed for Cd (Fig. 2b, Table 3). The first Cu 349 
peak was located in HMM biomolecule region, at elution time from the 14th to 17th 350 
minute which corresponded to biomolecules of molecular masses in the range from 351 
500 to 1000 kDa. The second, shoulder-shaped, Cu peak was located in HMM 352 
biomolecule region, at elution time from the 18th to 24th minute, and covered 353 
biomolecules of molecular masses in the range from 85 to 400 kDa. Contrary to 354 
brown trout liver, Cu elution was not observed in HMM region in the previous studies 355 
on European and Vardar chub liver (Krasnići et al., 2013, 2018). The third Cu peak was 356 
located in the LMM biomolecule region, at elution time from the 29th to 34th minute, 357 
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which corresponded to biomolecules of molecular masses in the range from 7 to 24 358 
kDa. 359 
The elution of Cu was most pronounced in the LMM peak, with a maximum of 360 
molecular mass equal to 15 kDa, same as reported for the liver of European and Vardar 361 
chub (Krasnići et al., 2013, 2018), of juvenile yellow perch (Caron et al., 2018), of 362 
European eel (Van Campenhout et al., 2008), and of gibel carp (Van Campenhout et al., 363 
2010). Elution time of Cu-LMM peak coincided with the elution time of MT standard 364 
(Table 2), so it can be presumed that Cu in the hepatic cytosol was predominantly 365 
bound to MTs. However, comparison of Cu distribution profiles at lower and higher 366 
levels of Cu bioaccumulation revealed that, although increase of eluted Cu quantity was 367 
more obvious in LMM region, as also reported for European and Vardar chub liver 368 
(Krasnići et al., 2013, 2018), it was also present in HMM region in brown trout liver 369 
with higher cytosolic Cu concentrations (Fig. 2b). 370 
3.2.3. Iron 371 
Iron is an essential metal and has numerous roles in physiological functions of fish and 372 
other organisms, and one of its most important functions is participation in oxygen 373 
transport (Mogobe et al., 2015). Iron was eluted in three peaks (Fig. 3a, Table 3). The 374 
first broad Fe peak was located in HMM biomolecule region, at elution time from the 375 
14th to 21st minute which corresponded to biomolecules of molecular masses in the 376 
range from 200 to 1000 kDa. It can be presumed that this first peak in HMM region, 377 
with a maximum at 380 kDa included iron storage protein ferritin (450 kDa), which is 378 
predominantly present in hepatic tissue and which additionally serves for keeping Fe in 379 
soluble, nontoxic form within the cells (Bury et al., 2012; Martin-Antonio et al., 2009; 380 
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Szpunar and Lobinski, 1999). The second Fe peak was located in MMM biomolecule 381 
region, at elution time from the 24th to 28th minute, and covered biomolecules of 382 
molecular masses in the range from 30 to 85 kDa, which could reflect Fe binding to 383 
various proteins of different functions, such as blood protein haemoglobin (65 kDa) and 384 
enzyme catalase (60 kDa) (Martin-Antonio et al., 2009). The third Fe peak was located 385 
in the VLMM biomolecule region, at elution time from the 32nd to 35th minute which 386 
corresponded to biomolecules of molecular masses in the range from 5 to 10 kDa. The 387 
first two peaks were also previously observed in the liver of European and Vardar chub 388 
(Krasnići et al., 2013, 2018). The difference between species was revealed in the fact 389 
that, unlike brown trout, in the European and Vardar chub liver Fe binding to VLMM 390 
biomolecules was not noticed (Krasnići et al., 2013, 2018). 391 
An increase in the quantity of eluted Fe as a consequence of higher cytosolic Fe 392 
concentrations in the brown trout liver was observed in all three peaks, but was 393 
somewhat higher in HMM region, with a maximum of molecular mass equal to 380 394 
kDa, as best seen in the fish from the Krka Knin location in the autumn sampling (Fig. 395 
3a). The same Fe increase in HMM peak was also reported for European and Vardar 396 
chub liver (Krasnići et al., 2013, 2018), which is consistent with the function of ferritin 397 
in Fe storage in hepatic tissue. 398 
3.2.4. Manganese 399 
Manganese is a metal that has essential function in activities of various enzymes 400 
(Mogobe et al., 2015). Manganese was seemingly eluted in only one rather broad peak 401 
(Fig. 3b, Table 3), covering biomolecules from high to low molecular masses. 402 
However, by more careful insight it can be seen that this peak could be divided into 403 
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four narrower peaks. The first two Mn peaks were located in HMM biomolecule region, 404 
the first one at elution time from the 14th to 17th minute, and the second one at elution 405 
time from the 18th to 23rd minute. These two peaks corresponded to biomolecules of 406 
molecular masses in the range from 500 to 1000 kDa and from 100-400 kDa, 407 
respectively. The third Mn peak was located in MMM biomolecule region, at elution 408 
time from the 23rd to 26th minute, and covered biomolecules of molecular masses in the 409 
range from 50 to 110 kDa. This range included molecular masses of well known 410 
transport proteins: albumin (66 kDa, Table 2), which participates in Mn transport from 411 
intestine to liver (Schäfer, 2004), and transferrin (80 kDa, Martin-Antonio et al., 2009), 412 
which binds Mn in liver and transfers it to the other organs (Schäfer, 2004). The fourth 413 
Mn peak was located in the LMM biomolecule region, at elution time from the 26th to 414 
31st minute which corresponded to biomolecules of molecular masses in the range from 415 
15 to 50 kDa. The distribution profile of Mn previously reported for the liver of 416 
European and Vardar chub was very similar to that of brown trout presented here, with 417 
the exception that it did not contain the first HMM peak, covering biomolecules of 500-418 
1000 kDa (Krasnići et al., 2013, 2018). 419 
The presence of Mn was mostly comparable in all four peaks, same as the increase of 420 
eluted Mn quantity due to higher Mn bioaccumulation in brown trout liver (Fig. 3b). 421 
3.2.5. Molybdenum 422 
Molybdenum is an important micronutrient because it acts as a catalytic centre for more 423 
than 50 enzymes (Ricketts et al., 2015). Molybdenum was eluted in two clear peaks 424 
(Fig. 4a, Table 3). The first, much higher Mo peak was located in HMM biomolecule 425 
region, at elution time from the 17th to 23rd minute, which corresponded to 426 
Accepted manuscript - Postprint version. Final form is published in: 
Dragun, Z., Krasnići, N., Kolar, N., Filipović Marijić, V., Ivanković, D., & Erk, M. (2018). Cytosolic 
distributions of highly toxic metals Cd and Tl and several essential elements in the liver of brown trout ( 
Salmo trutta L.) analyzed by size exclusion chromatography and inductively coupled plasma mass 
spectrometry. Chemosphere, 207, 162–173. https://doi.org/10.1016/j.chemosphere.2018.05.088 
20 
 
biomolecules of molecular masses in the range from 100 to 500 kDa, with a maximum 427 
at 230 kDa. It was consistent with previous reports for European and Vardar chub 428 
liver (Krasnići et al., 2013, 2018), which suggested that this Mo peak included 429 
molecular masses of enzymes that contain Mo as cofactor, for example aldehyde 430 
oxidase (130 kDa, Uchida et al., 2003), sulphite oxidase (120 kDa, Johnson and 431 
Rajagopalan, 1976) and Fe-Mo flavoprotein xanthine oxidase (275 kDa, Truglio et al., 432 
2002). The second and much lower Mo peak was located in the VLMM biomolecule 433 
region, at elution time from the 34th to 37th minute which corresponded to biomolecules 434 
of molecular masses in the range from 3 to 7 kDa with maximum at 5 kDa, which was 435 
also previously reported for European and Vardar chub liver (Krasnići et al., 2013, 436 
2018). 437 
The increase of eluted Mo quantity due to higher Mo bioaccumulation in brown trout 438 
liver was observed in both peaks, but was somewhat more pronounced in HMM peak 439 
(Fig. 4a). 440 
3.2.6. Selenium 441 
Selenium is an essential nonmetal and a constitutive part of glutathione peroxidase, 442 
whereas in a conjunction with vitamin E it contributes to avoidance of nutritional 443 
muscular dystrophy (Watanabe et al., 1997). Selenium was eluted in four peaks (Fig. 444 
4b, Table 3). The first two poorly resolved Se peaks were located in HMM biomolecule 445 
region, at elution times from the 14th to 17th minute and from the 20th to 24th minute, 446 
respectively, and were barely visible. The elution times of these two peaks covered 447 
biomolecules in the range from 500 to 1000 kDa and from 85-230 kDa, respectively. 448 
The third and fourth Se peaks were much better resolved and higher, and located in the 449 
Accepted manuscript - Postprint version. Final form is published in: 
Dragun, Z., Krasnići, N., Kolar, N., Filipović Marijić, V., Ivanković, D., & Erk, M. (2018). Cytosolic 
distributions of highly toxic metals Cd and Tl and several essential elements in the liver of brown trout ( 
Salmo trutta L.) analyzed by size exclusion chromatography and inductively coupled plasma mass 
spectrometry. Chemosphere, 207, 162–173. https://doi.org/10.1016/j.chemosphere.2018.05.088 
21 
 
VLMM biomolecule region at elution times from the 35th to 38th minute and from the 450 
40th to 44th minute, respectively. These peaks covered biomolecules of molecular 451 
masses in the range from 2.5 to 5 kDa and from 0.5 to 1.5 kDa, respectively. 452 
The most evident feature of hepatic Se in the cytosolic fraction was association with 453 
biomolecules of molecular masses lower than 5 kDa, and with increasing cytosolic Se 454 
concentrations, a marked increase of Se quantity was observed precisely in these two 455 
VLMM peaks, with maxima of molecular masses equal to 1 kDa and 3 kDa. It can 456 
be presumed that these peaks contained seleno-compounds of rather low molecular 457 
masses, such as those efficient in a defence against oxidative stress, like 458 
selenomethionine (~0.2 kDa; Klotz et al., 2003) or recently identified organic Se 459 
compound in tuna (Thunnus orientalis), selenoneine (~0.5 kDa; Yamashita and 460 
Yamashita, 2010; Yamashita et al., 2012). Such Se association was much more 461 
noticeable in the previous studies on gills than on the liver of European and Vardar 462 
chub (Krasnići et al., 2013, 2014, and 2018). In European and Vardar chub liver, the 463 
large portions of Se were eluted in the region of molecular masses from 10 to 60 kDa, 464 
possibly associated to some Se-containing enzymes (Krasnići et al., 2013, 2018), 465 
whereas in the brown trout liver there was no clear indication of such Se association. 466 
3.2.7. Zinc 467 
Zinc is an essential metal which has structural and catalytic roles in many proteins and 468 
enzymes. It is very important for gene expression and cell growth (Mogobe et al., 469 
2015). Zinc was eluted in three peaks (Fig. 5, Table 3). The first two Zn peaks were 470 
located mainly within HMM biomolecule region, at elution times from the 14th to 17th 471 
minute and from the 18th to 29th minute, respectively. The elution times of these two 472 
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peaks covered biomolecules in the wide ranges of molecular masses, from 500 to 473 
1000 kDa and from 20-400 kDa, respectively. The third Zn peak was located in the 474 
LMM biomolecule region at elution times from the 30th to 33rd minute and covered 475 
biomolecules of molecular masses in the range from 9 to 19 kDa. Comparable to Cd 476 
and Cu, the elution time of LMM peak maximum coincided with the elution time of 477 
MT standard (Table 2). Similar peak was also observed in the liver of European and 478 
Vardar chub (Krasnići et al., 2013, 2018), of European eel (Van Campenhout et al., 479 
2008), and of gibel carp (Van Campenhout et al., 2010), which is consistent with 480 
important role that MTs have in homeostasis of essential metals, such as Zn and Cu, 481 
and in detoxification of toxic metals, such as Cd (Huang et al., 2004). 482 
Among three peaks, Zn presence was most pronounced in the middle peak in the HMM 483 
region (20-400 kDa), with the maximum of molecular mass around 100 kDa, similar 484 
as reported for Zn in European chub liver (Krasnići et al., 2013). Some well known Zn-485 
containing proteins are encompassed by that molecular mass region, such as alcohol 486 
dehydrogenase (150 kDa, Table 2, Szpunar and Lobinski, 1999). Furthermore, 487 
increased Zn bioaccumulation in the liver of brown trout resulted with increased 488 
quantity of Zn precisely in that molecular mass region. It was best seen in the fish from 489 
the Krka River source in the autumn sampling. 490 
 491 
4. Conclusions 492 
Based on HR ICP-MS analyses of trace elements in the fractions of hepatic cytosol of 493 
brown trout, which were obtained by separation using SEC-HPLC, we were able to 494 
define the molecular masses of cytosolic compounds that bind highly toxic metals Cd 495 
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and Tl, as well as seven essential elements (Co, Cu, Fe, Mn, Mo, Se and Zn). 496 
Association of Cd, Cu and Zn to MTs, which was previously well described for some 497 
other fish species, was now also confirmed for brown trout liver. Comparison of the 498 
results obtained at different sites and in different seasons, as well as considerations of 499 
some physiological factors, such as sex, indicated that cytosolic distributions of 500 
analyzed trace elements among biomolecules of different molecular masses probably 501 
depended mainly on the level of trace element bioaccumulation in the liver. Variations 502 
that could be associated to the other factors were not observed. Additionally, several 503 
differences were observed in trace element distributions within hepatic cytosol of 504 
brown trout in comparison to previously published information for European and 505 
Vardar chub liver. Features that were observed only in brown trout liver included Cd 506 
and Cu elution in the region of high molecular mass biomolecules (above 500 and 100 507 
kDa, respectively), absence of Co association with biomolecules of molecular masses 508 
below 2.5 kDa, Fe elution in the region of compounds of molecular masses below 10 509 
kDa, and almost exclusive Se association with biomolecules of molecular masses below 510 
5 kDa. Such differences indicated possible existence of different detoxification 511 
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Table 1. Biometric characteristics of twelve specimens of brown trout (Salmo trutta 
Linnaeus, 1758) used in this study for analyses of distributions of trace elements in 





length / cm 
Total 
























e 1 27.0 201.7 5.09 1.02 M 
2 20.0 87.0 5.82 1.09 M 








 4 22.5 114.6 5.25 1.01 M 
5 26.4 203.6 0.02 1.11 M 



















e 7 20.5 89.7 0.16 1.04 M 
8 19.2 70.3 0.83 0.99 F 








 10 23.3 159.8 0.08 1.26 M 
11 18.5 86.7 0.18 1.37 F 
12 18.4 78.7 0.08 1.26 M 
 
*M – male; F – female  
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Table 2. Molecular masses (MM), applied concentrations and 
elution times (te) of blue dextran, metallothionein standards 
and six proteins used as calibration standards for Superdex™ 
200 10/300 GL size exclusion column. Equation of 





n / mg mL-1 
te / min 
Blue dextran 2000 2 15.47 
Metallothionein standards 
Metallothionein 1 6.15 1 32.32 
Metallothionein 2 6.15 1 31.22 
Protein standards for column calibration 
Carbonic anhydrase 29 3 29.72 
Bovine albumin 66 10 23.04 
Alcohol 
dehydrogenase 
150 5 21.78 
-amilase 200 4 20.38 
Apoferritin 443 10 17.84 
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Table 3. Elution times (te) and molecular masses (MM) of biomolecules contained in cytosolic fractions of liver of brown trout (Salmo 1 
trutta Linnaeus, 1758) in which respective elements were eluted after separation by SEC-HPLC (Superdex 200 10/300 GL column). Table 2 
contains peak maxima of each analyzed element (i.e., the information on fractions with the highest trace element concentrations),  as well 3 
as peak widths presented within the brackets. 4 
Element 



















































    





















































    
































    













































    
aHMM peak – a peak of trace element concentration in the cytosolic fractions with a maximum in high molecular mass protein region (>100 kDa) 5 
bMMM peak – a peak of trace element concentration in the cytosolic fractions with a maximum in medium molecular mass protein region (30-100 kDa) 6 
cLMM peak – a peak of trace element concentration in the cytosolic fractions with a maximum in low molecular mass protein region (10-30 kDa) 7 
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dVLMM peak – a peak of trace element concentration in the cytosolic fractions with a maximum in very low molecular mass protein region (<10 kDa) 8 
 9 
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Figure captions 10 
Figure 1. Distribution profiles of two highly toxic metals (a - Cd, b - Tl) among 11 
cytosolic biomolecules of different molecular masses in the liver of brown trout (Salmo 12 
trutta) from two sites at the Krka River (Krka River source and Krka River downstream 13 
of Knin town) in two sampling campaigns (autumn: October 2015; spring: May 2016). 14 
The results are presented as nanograms of metals eluted at the specific elution times, 15 
which can be associated to corresponding molecular masses based on the column 16 
calibration (Table 2, Table 3). Twelve fish in total were used for these analyses, three 17 
per each site in each season. Total cytosolic concentrations of analyzed elements in the 18 
liver of brown trout are presented within each figure (taken from Dragun et al., 2018). 19 
 20 
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Figure 2. Distribution profiles of two essential metals (a - Co, b - Cu) among cytosolic 23 
biomolecules of different molecular masses in the liver of brown trout (Salmo trutta) 24 
from two sites at the Krka River (Krka River source and Krka River downstream of 25 
Knin town) in two sampling campaigns (autumn: October 2015; spring: May 2016). 26 
The results are presented in the same way as in Figure 1. 27 
 28 
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Figure 3. Distribution profiles of two essential metals (a - Fe, b - Mn) among cytosolic 31 
biomolecules of different molecular masses in the liver of brown trout (Salmo trutta) 32 
from two sites at the Krka River (Krka River source and Krka River downstream of 33 
Knin town) in two sampling campaigns (autumn: October 2015; spring: May 2016). 34 
The results are presented in the same way as in Figure 1. 35 
 36 
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Figure 4. Distribution profiles of two essential elements (a - Mo, b - Se) among 39 
cytosolic biomolecules of different molecular masses in the liver of brown trout (Salmo 40 
trutta) from two sites at the Krka River (Krka River source and Krka River downstream 41 
of Knin town) in two sampling campaigns (autumn: October 2015; spring: May 2016). 42 
The results are presented in the same way as in Figure 1. 43 
 44 
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Figure 5. Distribution profiles of essential metal Zn among cytosolic biomolecules of 47 
different molecular masses in the liver of brown trout (Salmo trutta) from two sites at 48 
the Krka River (Krka River source and Krka River downstream of Knin town) in two 49 
sampling campaigns (autumn: October 2015; spring: May 2016). The results are 50 
presented in the same way as in Figure 1. Unlike the other analyzed elements (Fig. 1-4), 51 
the results for only 10 fish are presented for Zn. Two samples from spring season were 52 
excluded from interpretation due to evident Zn contamination during the sample 53 
processing. 54 
 55 
 56 
